We probe electro-mechanical properties of InAs nanowire (diameter ∼100 nm) resonators where the suspended nanowire (NW) is also the active channel of a field effect transistor (FET). We observe and explain the non-monotonic dispersion of the resonant frequency with DC gate voltage
Nano electro mechanical systems (NEMS) [1] , are being used extensively to study small displacements [2] , mass sensing [3] [4] [5] [6] , spin-torque effect [7] , charge sensing [8] , Casimir force [9] and potential quantum mechanical devices [10, 11] . A variety of NEMS devices, fabricated using carbon nanotubes [12] [13] [14] [15] [16] , graphene [17] [18] [19] , nanowires (NWs) of silicon [20] and by micromachining bulk silicon [21] , have been used to probe the underlying physics at nano scale. In this work we study the electromechanical properties of doubly clamped suspended n-type InAs NWs. In our suspended NW FET, the gate electrode serves three purposes: first, to modify the tension in the NW, second, to actuate the mechanical motion of the resonator and third, enabling us to systematically study the coupling of mechanical properties to the tunable electron density. As we will show, a tunable electron density leads to a variable screening length of the order of the nanowire's cross sectional dimensions. Thus the electro-mechanical properties enter into a mesoscale regime. Such a variable electron density is not accessible in carbon nanotubes; the screening length cannot be tuned continuously -relative to the diameter of the carbon nanotube -as easily. However, the physics of charge screening in nanoscale capacitors [22] and ferroelectric devices [23] is intimately connected to that in our NEMS devices. Taken together, these observations suggest that a geometrical interpretation of capacitance is inadequate at the nano scale. Additionally, the gate allows us to tune the resonant frequency non-monotonically due to the competition between the electrostatic force and the mechanical stiffness (∼ 1 N/m) of the nanowire, a feature expected (but heretofore not studied in detail) for all electrostatically actuated NEMS. In this article, we demonstrate that the InAs semiconducting nanowire system manifests this transition from softening to hardening as the gate voltage is varied. In addition, mixing of the natural mechanical modes as a function of V DC g can be understood in terms of the structural asymmetries in the resonator. In the non-linear regime we study in detail hysteretic behavior as a function of V DC g (unlike the commonly studied response as a function of drive frequency) and we show that this can be understood by using the Duffing equation incorporating the effect of gate voltage. The observed hysteretic response with V DC g is an alternate knob for tuning the nonlinear response of our NEMS devices and can be used for charge detection [24] . Our work provides further understanding of the unique characteristics of NEMS devices operating at room temperature. The observed behavior can provide information on the nanomechanics of other systems whose electron density, stiffness or screening length cannot be so readily tuned.
The InAs NWs used for this work were grown using metal organic vapor phase epitaxy (MOVPE) [25, 26] . The NWs are oriented in the < 111 > direction and are 80 to 120 nm in diameter with a length of several micrometers. The substrate used for making the devices is a degenerately doped silicon wafer with 300 nm thick SiO 2 . We have fabricated suspended InAs NW devices by sandwiching the NWs between two layers of electron-beam resist and then using electron beam lithography to define the electrodes and suspend them by depositing ∼150 nm Cr and ∼250 nm Au after development followed by in situ plasma cleaning [26] .
The ohmic contacts also serve as mechanical supports for the NW suspended ∼200 nm above the surface of SiO 2 . Fig.1a shows the SEM image of a resonator device and scheme for actuating and detecting the motion of the resonator. All the measurements were done at 300 K and pressure less than 1 mBar.
To actuate and detect the resonance we use the device as a heterodyne mixer [6, 12, 18, [27] [28] [29] . We use electrostatic interaction between the wire and gate to actuate the motion in a plane perpendicular to the substrate. We apply a radio frequency (RF) signal V g (ω) and a DC voltage V DC g at the gate terminal using bias-tee. Another RF signal V SD (ω + ∆ω) is applied to the source electrode (Fig.1a) . The RF signal applied at the gate V g (ω) modulates the gap between NW and substrate at angular frequency ω, and V DC g alters the overall tension in the NW. The amplitude of the current through the NW at the difference frequency (∆ω), also called the mixing current I mix (∆ω), can be written as [12] I mix (∆ω) = I oscn (∆ω) + I back (∆ω)
where G is the conductance of the NW, q is the charge induced by the gate, C g is the gate capacitance, z(ω) is the amplitude of oscillation at the driving frequency ω and z axis is perpendicular to the substrate. The term
the background mixing current which is independent of the oscillation of the NW and
V SD depends on the amplitude of oscillation. Measuring I mix (∆ω) using a lock-in allows us to monitor the resonance of the NW as the frequency is swept. is the velocity of sound; r is the radius of the beam, l is the length of the beam, E is the Young's modulus, ρ is the density of the material and C 0 = 1.78. Fig.1d shows a plot for V s that does not vary much from the bulk value [32] (dashed line) for eight different devices.
The scatter around the V s calculated using bulk values could be due to the relative volume fraction contribution of the amorphous layer around the NWs; this needs further detailed study. . The parabolic behavior is expected as the attractive force exerted by the gate on the wire is given by
enhances the tension in the NW [33] . We now discuss the particular W-shaped dispersion of modes as a function of V for the same mechanical mode; this is also seen in Fig.1b . We now try to understand this asymmetry as our InAs NW are n-type semiconductors [26] as seen in Fig.1c . To understand this asymmetry we have carried out detailed fits of the experimental data for the amplitude of mixing current as a function of frequency using Eqn.1. The amplitude z(ω) of oscillation at frequency ω is given by
where z reso amp is the amplitude at resonant frequency ω 0 , Q is the quality factor and ∆φ is the relative phase difference between the ω and ω + ∆ω signals that depends on the device parameters like the contact resistance. Fitting from Eqns.1 and 2 allow us to extract the variation of Q as a function of V DC g as shown in Fig.2e ([35] ). We have also estimated the amplitude of oscillation using Eqns.1 and 2 by examining the ratio
A plot of the calculated amplitude (z reso amp ) is seen in Fig.2f . We see that as the |V DC g | is increased Q and z reso amp are observed to decrease. We also observe that there are noticeable differences in Q and z . One of the possible mechanisms that can explain this behavior in the amplitude is that with increasing V DC g one increases the density of electrons in the NW leading to reduction in the screening length. This implies that the simple geometrical capacitance is inaccurate particularly since the screening length can be comparable to NW diameter at low densities (at negative V DC g in our case). In our device geometry, using Thomas-Fermi approximation [22] , screening length is around 20-40 nm (diameter of our devices are 100 nm) and the distance between the nanowires and gate oxide 200nm. So, the screening length is a significant fraction of the diameter and the suspension distancethis plays a critical role in observing the effect of density gradients within the cross-section of the nanowire. In case of single walled carbon nanotube, diameter is 1-2 nm and height of suspension is typically 100nm or more [13] [14] [15] [16] . Additionally the screening length in carbon nanotubes is typically several multiples of the nanotube diameter [36] , so due to an increased ratio of suspension distance to diameter and the large screening length compared to the diameter it is very difficult to observe the physics we discuss for the case of nanowires in carbon nanotubes. We would like to point out that this is not a peculiarity of the InAs nanowires and should be seen in other semiconducting nanowire devices as well with similar dimensions. Additionally, if one considers the realistic case with non-uniform density of carriers in the NW due to the device geometry [37] the NW will have a gradient of dielectric constant [38] . A gradient of dielectric constant [39] alongwith a change in capacitance as a function of the density changes the capacitive coupling of the NW to the gate. This results in differing amplitudes for two different electron densities. Our device geometry with NW diameter comparable to the gap accentuates this effect.
In order to better understand the effect of the gate voltage in tuning the spatial charge density across the cross-section of the nanowire we selfconsistently solve three dimensional Poisson's equation using finite element method for our device geometry. We use approach followed by Khanal et al. [37] by solving ∇ · ǫ d ∇Φ(x, y, z) = ρ(x, y, z), throughout the space of the nanowire and its dielectric environment (here ǫ d is dielectric constant, Φ is the local electrostatic potential in the system due to applied gate voltage, and ρ is space charge density inside the NW). The geometry consists of a 100 nm diameter and 1.5 µm long InAs nanowire clamped by metallic electrodes. The wire is suspended 100 nm above a 300 nm thick siliconoxide dielectric on the gate electrode. Inside the nanowire the ρ(x, y, z)
where e is the charge of an electron, N d is the density of the n-type dopants (∼ 10 16 cm −3 ), n(Φ) and p(Φ) are the densities of electrons and holes. The unintentional source of n-type dopants in our growth is Si and C, from the metal organic precursors and are assumed to be uniformly distributed throughout the nanowire. A selfconsistent calculation gives us the distribution of potential throughout the space and space charge density in the nanowire. (f 0 ) is described by a mode with zero nodes and moving in a plane perpendicular to the substrate, the other observed modes, in the frequency range near f 0 (Fig.4a, 4b) , cannot be defined by f 1 and f 2 . We have observed the anticipated f 1 and f 2 modes at higher frequencies. The other modes beside the fundamental in Fig.4a, 4b , are explained due to geometrical asymmetry along the diameter in the NW (Fig.4c, , we have used the Duffing equation [40] for our resonator. The result of such a calculation for amplitude is seen in Fig.5e, 5f , 5g, and 5h, with increasing amplitude of driving force. To calculate the amplitude we have only used the observed dispersion relation (W shape) as input for Duffing equation.
There is a qualitative agreement between the experimentally measured data shown in Fig.5a-d and results of calculation using the Duffing equation shown in Fig.5e -h. We find that for every increase in excitation amplitude by 100 mV corresponds to an increase of a factor of 2.5 in the anharmonic component of the Duffing equation (from observing the calculated data). Additional aspect of the nonlinearity of the oscillator is also seen in the evolution of dispersion near V DC g = 0 as the actuation amplitude is gradually increased from 100 mV to 400 mV in Fig.5a-d . The negative dispersion is due to the softening of electrostatic force and with larger amplitude of oscillation the effective spring constant changes, as the wire samples a region with varying electric field; this difference is clearly seen in the dispersion near V DC g = 0 for the data shown in Fig.5 a and d . 
